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Summary
Stem cell transplantation, especially treatment with bone marrow mesenchymal stem 
cells (BMSCs), has been considered a promising therapy for the locomotor and neu-
rological recovery of spinal cord injury (SCI) patients. However, the clinical benefits 
of BMSCs transplantation remain limited because of the considerably low viability 
and inhibitory microenvironment. In our research, low‐intensity pulsed ultrasound 
(LIPUS), which has been widely applied to clinical applications and fundamental re-
search, was employed to improve the properties of BMSCs. The most suitable inten-
sity of LIPUS stimulation was determined. Furthermore, the optimized BMSCs were 
transplanted into the epicenter of injured spinal cord in rats, which were randomized 
into four groups: (a) Sham group (n = 10), rats received laminectomy only and the 
spinal cord remained intact. (b) Injury group (n = 10), rats with contused spinal cord 
subjected to the microinjection of PBS solution. (c) BMSCs transplantation group 
(n = 10), rats with contused spinal cord were injected with BMSCs without any prim-
ing. (d) LIPUS‐BMSCs transplantation group (n = 10), BMSCs stimulated with LIPUS 
were injected at the injured epicenter after contusion. Rats were then subjected to 
behavioral tests, immunohistochemistry, and histological observation. It was found 
that BMSCs stimulated with LIPUS obtained higher cell viability, migration, and neu-
rotrophic factors expression in vitro. The rate of apoptosis remained constant. After 
transplantation of BMSCs and LIPUS‐BMSCs postinjury, locomotor function was sig-
nificantly improved in LIPUS‐BMSCs transplantation group with higher level of brain‐
derived neurotrophic factor (BDNF) and nerve growth factor (NGF) in the epicenter, 
and the expression of neurotrophic receptor was also enhanced. Histological obser-
vation demonstrated reduced cavity formation in LIPUS‐BMSCs transplantation 
group when comparing with other groups. The results suggested LIPUS can improve 
BMSCs viability and neurotrophic factors expression in vitro, and transplantation of 
LIPUS‐BMSCs could promote better functional recovery, indicating possible clinical 
application for the treatment of SCI.
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1  | INTRODUC TION

Spinal cord injury (SCI) is broadly acknowledged as a crucial issue 
in clinical and experimental research due to its sudden yet unfore-
seeable nature and the extremely limited regenerative capability of 
the injured spinal cord, which could cause considerable losses to 
both individuals and the society. Recent estimates have stated that 
the annual incidence of SCI is around 17 000 new SCI cases in the 
United States.1 In a global context, the incidence of SCI in 2007 was 
estimated to be 23 cases per million population or 179 312 cases per 
annum.2 The pathology of SCI can be characterized by two phases 
of lesions: the primary lesion involves mechanical damage of the spi-
nal cord relevant to hemorrhage, electrolyte flow and the release 
of lysosomes and other cellular components. The secondary lesion 
includes edema, ischemia, inflammation reactions, ionic imbalance 
(eg, intracellular calcium), excitotoxicity, caspase and calpain activa-
tion, neurotransmitter accumulation, and apoptosis.3,4 The subacute 
stage of SCI is known to be deleterious for axonal regeneration and 
functional recovery. This indicates that spontaneous recovery oc-
curs in a limited time window. To date, no current treatments can 
substantially address the issues associated with injured spinal cords.

Stem cell‐based therapy, especially BMSCs, has yielded encour-
aging results.5-8 BMSCs transplantation therapy is promising in mit-
igating the extent of SCI, not only due to a favorable ethical profile 
and safety, but also due to providing beneficial effects on various 
postinjury aspects: inflammation, apoptosis, axonal regrowth, an-
giogenesis, tissue sparing, astroglial scar, and motor recovery.9-12 It 
is well known that BMSCs secrete a large variety of molecules and 
many studies have shown beneficial impacts from these factors 
such as brain‐derived neurotrophic factor (BDNF), nerve growth 
factor (NGF), vascular endothelial growth factor (VEGF), insulin‐like 
growth factor (IGF), epidermal growth factor (EGF), and more.13-19

Previously, neurotrophin and physical stimulation were com-
monly employed to enhance the effect of BMSCs. Specifically, 
low‐intensity pulsed ultrasound (LIPUS), as a physical stimulation, 
appeared to be an effective assistant method. Over the past few 
decades, the medical use of ultrasound has been extended beyond 
imaging and diagnosis toward therapeutic applications. LIPUS ex-
posure has been shown to increase proliferation in BMSCs.20,21 
Studies of Lv et al showed that LIPUS and induced pluripotent stem 
cells‐derived neural crest stem cells (iPSCs‐NCSCs) could promote 
the regeneration and reconstruction of rat transected sciatic nerve, 
and LIPUS could enhance the viability and proliferation of iPSCs‐
NCSCs.22 Tsuang et al demonstrated that intervention with low‐in-
tensity pulsed ultrasound could promote Schwann cell proliferation 
and prevent cell death.23 In this study, we investigate how LIPUS 

affect BMSCs in vitro and then transplant the optimized BMSCs to 
treat rats with SCI.

2  | MATERIAL S AND METHODS

2.1 | Animals and ethics statement

Ten adult Wistar rats (female, 100‐120 g) were prepared for BMSCs 
extraction, and another 40 adult Wistar rats (female, 250 ± 10 g) 
were obtained for in vivo experiments. These rats all came from the 
Radiation Study Institute‐Animal Center, Tianjin, People’s Republic 
of China. The rats were provided with water and food freely, and 
were kept on a 12 hours light/dark cycle in a humidity and tem-
perature‐controlled animal facility. All the animal experimental 
procedures were executed according to the National Guidelines for 
Experimental Animal Welfare (Ministry of Science and Technology 
of People’s Republic of China, 2006) and approved by the Animal 
Ethical and Welfare Committee (AEWC) in Tianjin Medical University 
(Number of Animal use permit: TMUaMEC2017006).

2.2 | Isolation and culture of BMSCs

Female Wistar rats, weighing around 100‐120 g, were sacrificed by 
cervical vertebra luxation after being anesthetized. Rat BMSCs were 
isolated from the bone marrow of bilateral tibial and femoral bones, 
then purified and passaged by attachment method. Femurs and tib-
ias were separated and both ends of each femur or tibia were cut. 
Pooled cells from different donors were cultured in T‐75 cell culture 
flask, with a cell concentration of 1 × 105/mL, using complete media 
composed of DMEM‐F12 (Gibco, USA), supplemented with fetal bo-
vine serum (FBS) (10%, v/v, Solarbio Co., Beijing, China), penicillin: 
streptomycin (100 μL/100 mL) (Solarbio Co., Beijing, China). Cells 
were incubated under standard cell culture conditions with 5% CO2, 
at 37°C and 95% relative humidity. The medium was changed every 
three days, and BMSCs were passaged when 80%‐90% confluency 
was reached. BMSC identity was confirmed on the basis of morpho-
logical criteria, plastic adherence, and specific surface antigen ex-
pression: CD29(+), CD90(+), CD34(−), CD45(−).

2.3 | Experimental equipment

The LIPUS exposure consisted of a power supply, a function gen-
erator, an amplification module, and a transducer. The central 
frequency of transducer is 1 MHz, whose outside diameter is 
10 mm. The distance from the surface of the transducer to the cell 
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layer was 5 mm, which was fixed and kept constant throughout 
all experiments. The schematic representation of LIPUS exposure 
process is shown in Figure 1A. According to various voltage and 
frequency, the acoustic intensity, which was used to stimulate 
BMSCs, was measured by Hangzhou Applied Acoustics Research 
Institute.

2.4 | LIPUS stimulation

BMSCs were seeded at a density of 1 × 105 per well in 24‐well 
plates 3 days before LIPUS experiments to permit cell attachment 
to the plates. Prior to ultrasound exposure, the medium was rinsed 
with phosphate‐buffered saline (PBS) (Solarbio Co., Beijing, China). 
LIPUS was used to stimulate the BMSCs after adding 1 mL of me-
dium to each well. To determine the optimal LIPUS intensity, cells 
were exposed by pulsed ultrasound with different intensities (10, 
30, 50, 70 mW/cm2, 3 min/d, 3 days). The control group underwent 
the same submersion without ultrasound stimulation. After LIPUS 
stimulation for predetermined parameters, samples were rinsed 
again using PBS.

2.5 | Determination of optimal LIPUS parameters

After LIPUS stimulation, the cells were lifted with 0.25% trypsin‐EDTA 
solution (Solarbio Co., Beijing, China). Cells were seeded at a density of 
1 × 104 per well (100 μL) in 96‐well plates, while a blank well was kept 
for medium without cells in every plate. Cell proliferation was quanti-
fied 24 hours later by cell counting kit‐8 (CCK‐8) following the manu-
facturer’s protocol (BestBio, China). 10 μL CCK‐8 solution was added 
in each well, and the complete media was incubated for 2 hours before 
determination. The final optical density (OD) was measured at a wave-
length of 450 nm to estimate cell proliferation in the different groups. 
The experiment was repeated eight independent times. BMSCs stimu-
lated by LIPUS with the best parameter were set as the experimental 
group, to be compared with the control group in other tests.

2.6 | Flowcytometric analysis of culture‐
expanded BMSCs

To characterize the cell markers of culture‐expanded cells after 
LIPUS stimulation, monolayer adherent cells (Passage 3) were 

F I G U R E  1   A, LIPUS (low‐intensity pulsed ultrasound) stimulation process. B, Morphology and characterization of bone marrow 
mesenchymal stem cells (BMSCs). BMSCs are spindle‐shaped with fibroblast‐like process. Light microscopy, scale bar = 100 μm. C, BMSC 
identity is confirmed based on morphological criteria, plastic adherence, and specific surface antigen expression: CD29(+), CD90(+), CD34(−), 
CD45(−)
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trypsinized and stained with monoclonal antibodies specific for 
BMSCs as follows: anti‐CD90‐phycoerythrin (PE), anti‐CD29‐fluo-
rescein isothiocyanate (FITC), anti‐CD34‐FITC, and anti‐CD45‐FITC. 
Flowcytometric analyses were performed using PAS flowcytometry 
(Partec GmbH, Germany).

2.7 | Trophic factor examination

Cells were harvested using RIPA lysis buffer (Beyotime Institute of 
Biotechnology, China). Equal amounts of protein (50 μg) were loaded 
onto a gel for 8% sodium dodecyl sulfate‐polyacrylamide gel (SDS‐
PAGE) and followed by electrophoresis for 1 hour at 150 V. The sep-
arated proteins were transferred to a nitrocellulose membrane for 
2 hours at 350 mA and were subsequently incubated with primary 
antibodies overnight at 4°C. Rabbit anti‐neurotrophin‐3 polyclonal 
primary antibody (Abcam, 1:10 000), rabbit anti‐NGF monoclonal 
primary antibody (Abcam, 1:1000), and rabbit anti‐BDNF polyclonal 
antibody (Bioworld, 1:1000) were applied to detect, NGF and BDNF 
protein expression 48 hours posttransduction. After washing, the 
membranes were treated with conjugated secondary antibody, Cy3 
labeled goat anti‐rabbit IgG(H+L) (1:5000, Beyotime Institute of 
Biotechnology, China) for 2 hours at room temperature, and then 
washed repeatedly. The membranes were developed using an en-
hanced chemiluminescence (ECL) detection system to transfer to 
film. GAPDH was used as a loading control.

2.8 | Population doubling time (PDT) of BMSCs

The populations of BMSCs in each group from passage 3 were 
trypsinized from the culture disks before plating into the 24‐well 
plates at a density of 3 × 103/well. Each group of BMSCs was seeded 
in 12 wells. Three days later, the cells were harvested with trypsin/
EDTA and counted using a hemocytometer. The mean value of the 
cell number counts was calculated from 12 wells in each group and 
the mean population doubling time was obtained for each group ac-
cording to the following formula: population doubling time = T × lg2/
(lgNt − lgN0), where T is the culture time, N0 is the initial cell num-
ber, and Nt is the harvested cell number.

2.9 | Cell apoptosis

Apoptosis was evaluated with the TUNEL method, according to the 
manufacturer’s protocol (Roche). Air‐dried BMSCs were fixed with 
freshly prepared paraformaldehyde for 1 hour at room temperature. 
The cells were rinsed with PBS before and after they were incubated 
with Triton X‐100 on ice for 2 minutes. Then, the BMSCs with their pe-
ripheral area were dried again. The TUNEL reaction mixture was pre-
pared immediately (Enzyme solution: Label Solution = 1:9) and then 
added on the cells (50 μL each well). Then, BMSCs samples were incu-
bated in a humidified atmosphere in the dark for 60 minutes at 37°C. 
PBS was used to rinse the slide. Label Solution was used alone for 
negative controls, while fixed and permeabilized cells were incubated 
with micrococcal nuclease for 10 minutes at room temperature for 

positive controls. Photomicrographs of 20 random fields per experi-
mental condition were taken (Olympus AX70) at 40× magnification.

2.10 | Transwell migration assay

Cell invasion ability was assessed using a 24‐well transwell cham-
ber (6.5‐mm Transwell® with 8.0 µm pore polyester membrane in-
sert, product #3464, Corning Costar, New York, NY, USA) covered 
with Matrigel (BD Biosciences, San Diego, CA, USA) as described 
in the manufacturers’ protocol. Cells were treated as indicated and 
serum‐starved for 24 hours. Approximately 2 × 104 cells were re-
suspended in 500 μL FBS‐free medium and seeded into the upper 
wells. The lower wells were added with 500 μl of 20% FBS medium. 
After 24‐hours incubation, cells on the upper surface of the filter 
were removed with a cotton swab. The remaining cells in the lower 
chambers were washed with PBS, fixed with methanol, and stained 
with 0.1% crystal violet. The invaded cells were photographed and 
the cell number was counted from at least 10 random microscopic 
central fields.

2.11 | Statistical analysis

The data collected in the present study are presented as mean 
standard deviation (mean SD) and analyzed by one‐way repeated 
measures ANOVA, followed by post hoc test for least significant 
difference (LSD) to determine differences between two groups. 
Statistical significance was defined as P < 0.05.

2.12 | Establishment of SCI model

Forty female Wistar rats, weighing 250 ± 10 g, were randomized into 
four groups as follows: Sham group (n = 10), in which rats received lami-
nectomy only and the spinal cord remained intact. Injury group (n = 10), 
in which rats with contused spinal cord subjected to the microinjec-
tion of PBS solution. BMSCs transplantation group (n = 10), in which 
rats with contused spinal cord were injected with BMSCs without any 
priming. LIPUS‐BMSCs transplantation group (n = 10), in which BMSCs 
stimulated with LIPUS were injected at the injured epicenter after con-
tusion. Each experimental rat was anesthetized through intraperitoneal 
injection with 10% chloral hydrate (0.33 mL/100 g). Skin preparation 
was performed at the operative region, and iodophor was chosen as 
the sterilization method. The vertebral plate, with spinous process, was 
removed with a micro‐rongeur (Aesculap AG, Tuttlingen, Germany) 
at T10 to unfold the dura. The model of SCI (T10 plane) was created 
using NYU impactor machine (WM Keck Center for Collaborative 
Neuroscience, Piscataway Township, NJ, USA), with 10 g weight and 
50 mm height. In each SCI model, the rat’s two hindlimbs twitched, 
with the tail wagged involuntarily, which was in accordance with the 
standards of the SCI model. After the operation, the rats were put in 
incubation chambers with appropriate humidity and temperature until 
they awoke. After that, the rats were transferred to individual cages 
and bladder evacuation was implemented every day, until the rats 
gained autourination function.
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2.13 | Cell transplantation

One week after the day of injury, all rats with SCI were assessed for 
locomotion and excluded if one hindlimb joint could move before 
transplantation. Rats were then anesthetized and immobilized in a 
stereotaxic frame. All surgical procedures were performed under ster-
ile conditions. The injured cords were exposed, and fluid from the cav-
ity was aspirated before cell grafting. PBS (10 μL) or a total of 5 × 105 
cells (10 μL) was injected into the epicenter of the SCI (with a needle 
at an angle of 45° rostral and caudal to the injury site and at an angle 
of 90° at the center of the injury site). Following surgery, the rats re-
ceived intensive care for 2 weeks until spontaneous bladder function 
was recovered, which was indicated by overfilling of the bladder.

2.14 | Behavioral observation

Basso‐Beattie‐Bresnahan (BBB) score was used to assess the func-
tional recovery. This is an open‐field locomotor evaluation test, with 
a scale of 21 points. The scale was set from 0 points representing 
no movement of the hindlimbs to 21 points being normal move-
ment. Each rat was put in an open field individually with a skid‐proof 
ground. The test was carried out by two independent observers 
blind to the animals’ grouping. The examination time lasted no less 
than 4 minutes. If the rat stopped moving for more than 1 minutes, it 
was put in the open field again for retesting. The test was performed 
before cell transplantation and at days, 1, 7, 14, 21, 28, 35, 42, 49, 56, 
after the operation until all the rats were sacrificed.

F I G U R E  2   A, Proliferation rate of bone marrow mesenchymal stem cells (BMSCs) stimulated with LIPUS in 10, 30, 50, 70 mW/cm2, 
respectively, was analyzed using the Cell Counting Kit‐8 (CCK‐8). After the incubation with CKK‐8 solution, the absorbance of the collected 
medium was measured at 450 nm. All the absorbance rates are expressed as percent of the absorbance rate of control group (without LIPUS 
stimulation), which was set as 100%. Data were obtained from three different cultures and are expressed as mean ± SD BMSCs cell culture 
obtained the highest level of proliferation rate under 50 mW/cm2 LIPUS stimulation for 3 days, 3 minutes per day (P < 0.01 compared with 
30 mW/cm2 LIPUS stimulation group and 10 mW/cm2 LIPUS stimulation group; P < 0.05 compared with 70 mW/cm2 LIPUS stimulation 
group). B, Population doubling time of BMSCs in each group. Doubling time at passage 3 was compared between LIPUS group and control 
group, values are expressed as means ± SEM; n = 12 per group, P < 0.05. C‐E, TUNEL analysis of BMSCs in control group and LIPUS group. 
Four sets of pictures in each control group (C) and LIPUS group (D) were analyzed. Every set included three pictures: one for merged 
picture, green represented the apoptotic cells, while blue stands for all cells. No significant difference was found between control group and 
experimental group, P > 0.05 (E)
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2.15 | Immunofluorescent staining

Indirect immunofluorescent staining was performed on the popula-
tion of all four groups on day 56 after SCI. Briefly, cells were washed 
twice with PBS for 2 minutes and fixed with 4% paraformaldehyde 
at room temperature (RT) for 12 minutes, followed by three washes 
of TPBS (0.05% Tween‐20 in PBS). Subsequently, cells were per-
meabilized with 0.2% Triton X‐100 for 10 minutes, and nonspecific 
sites were blocked with 1% BSA in TPBS at RT for 1 hour. Primary 
antibodies used were as follows: rabbit anti‐NF‐200 (Abcam, Cat 
No: ab18207, 1:200) and rabbit anti‐GFAP (Abcam, Cat No. ab7260, 
1:1000). Secondary antibody was goat anti‐rabbit IgG FITC conju-
gated (Sigma, Cat No. F1262, 1:100).

2.16 | ELISA analysis

Dissected tissues were quick‐frozen in liquid nitrogen and stored 
at −80°C until required for analysis. Tissue was homogenized in 
ice cold 0.9% NaCl containing a cocktail of protease inhibitors 
(Roche Applied Science, Upper Bavaria, Germany), centrifuged 
at 12 000 × g for 10 minutes at 4°C. BDNF and NF‐200 concen-
trations were measured in duplicate by using BDNF ELISA kit 
(GenWay Biotech, San Diego, CA, USA) according to the manufac-
turer’s instructions, and results were normalized to total protein 
content.

2.17 | HE staining

Rats were sacrificed and perfused with normal saline solution 
(0.9% NaCl) and then with 4% paraformaldehyde on day 56 
after SCI. The T10 spinal cord segment containing the injury 
epicenter (1 cm = 0.5 cm either side from the injury epicenter) 
was dissected, cryoprotected in 30% sucrose in 4% PBS‐buff-
ered paraformaldehyde overnight at 4°C, frozen in isopentane 
(2‐methylbutane) at −56°C and then stored at −80°C. The de-
gree of tissue damage following injury was observed by two in-
dependent investigators blinded to the experiment using sagittal 
sections of the spinal cord (5 μm) stained with a standard H&E 
staining procedure.

3  | RESULTS

3.1 | Morphological and phenotypic 
characterization of BMSCs

BMSCs were cultured to 3rd passage (P3) (50 mW/cm2, 3 min/d for 
3 days), then expanded in plastic dishes in vitro. The culture‐expanded 
cells had uniform morphology and cells with fibroblast‐like morphology 
were observed (Figure 1B). Phenotypic characterization confirmed that 
the cells are BMSCs before LIPUS stimulation. P3 BMSCs expressed 
surface antigens CD29 and CD90 (98.65%), but did not express CD45 
and CD34 (99.74%). These results show that the isolated cells have the 
basic properties of BMSCs (Figure 1C).

3.2 | Increased cell proliferation of BMSCs after 
LIPUS stimulation

To determine the best LIPUS intensity, a CCK‐8 assay was used to de-
termine its effect on proliferation of BMSCs. The un‐stimulated group 
was set as the control group, and in the experimental groups, BMSCs 
were stimulated with LIPUS in 10, 30, 50, and 70 mW/cm2. The absorb-
ance of the collected medium was measured at 450 nm. All the absorb-
ance rates are expressed as percent of the absorbance rate of control 
group (without LIPUS stimulation), which was set as 100%. Data were 
obtained from 3 different cultures and are expressed as mean ±SD 
OD values in the experimental groups (10, 30, 50, 70 mW/cm2) were 
significantly higher than that in control group. Meanwhile, OD values 
in the 50 mW/cm2 group were significantly higher than those in other 
groups (one‐way ANOVA, P < 0.05) (Figure 2A). These data indicated 
that LIPUS can promote the proliferation capacity of BMSCs. From this, 
we discerned that 50 mW/cm2 was the best choice and was used for all 
other experiments. To prove the effect of promoting proliferation by 
LIPUS compared to the control group, the population doubling time of 
BMSCs in each group from P3 was investigated (Figure 2B), BMSCs in 
LIPUS group showed shorter doubling time compared to control group 
(1.522 ± 0.048 vs 1.695 ± 0.059, P < 0.05), which indicates LIPUS can 
effectively promote proliferation of BMSCs.

3.3 | Effect of LIPUS stimulation upon BMSCs

After BMSCs were stimulated by LIPUS, apoptosis of BMSCs in con-
trol group and LIPUS group was examined using TUNEL staining. In 
each group, four fixed sites (up, down, left, and right) were photo-
graphed and used for calculating the cell apoptosis (Figure 2C and 
D). We found that LIPUS stimulation did not significantly increase 
the apoptosis of BMSCs (Figure 2E; P > 0.05).

3.4 | Enhanced expression of neurotrophic factors 
after stimulation with LIPUS in vitro

To examine whether LIPUS stimulation can enhance the ability 
of BMSCs (P3 cell culture) to produce more neurotrophic factors 
in vitro, the expression level of BDNF and NGF in both cytosol 
(by Western blot analysis) and supernatant (by ELISA analysis) of 
BMSCs before and after LIPUS stimulation were examined. We 
showed that the expression of BDNF and NGF was significantly 
upregulated in cytosol (Figure 3A‐C) and supernatant (Figure 3D 
and E), which may be associated with increased cell viability of 
BMSCs following LIPUS stimulation.

3.5 | Migration and differentiation after LIPUS 
stimulation

To investigate the migration ability after LIPUS stimulation, tran-
swell assay was employed, the results demonstrated that the 
migration of BMSCs (Figure 4B) was significantly upregulated 
compared with BMSCs without treatment (Figure 4A). Notably, 
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as shown in Figure 4C, the number of cells treated with LIPUS 
that migrated was almost 2‐fold more than control (P < 0.0001), 
suggesting LIPUS stimulation can effectively enhance the migra-
tion ability of BMSCs in vitro. We also examined differentiation 
of BMSCs following LIPUS stimulation using Western blot. The 
expression of NSE and GFAP was used to determine neuronal 
and gliosis differentiation, respectively (Figure 4D). The results 
suggested that LIPUS stimulation inhibited gliosis differentiation 
(P < 0.05) (Figure 4E) but did not promote neuronal differentiation 
(n = 0.057) (Figure 4F).

3.6 | Evaluation of locomotor function

The Basso, Beattie, and Bresnahan (BBB) open‐field locomotor test 
was employed to evaluate hindlimb function recovery after BMSCs 
and LIPUS‐BMSCs transplantation treatment at 1, 3, 7, 14, 21, 28, 35, 
42, 49, and 56 days after cell transplantation. Immediately after SCI op-
eration, rats in each group showed significant loss of motor function of 
hindlimbs and the BBB score reduced to 0‐1 point. The cell transplanta-
tion operation was performed one week after SCI, during the period 
before cell transplantation. No obvious locomotor function reduction 
was observed in Sham group, while rats which had undergone SCI pre-
sented limited functional recovery (remained at 0‐2 points). After cell 
transplantation treatment, BBB scores increased with time and starting 

from 21 days after transplantation, significant differences in locomo-
tor function appeared between BMSC transplantation group and Injury 
group (BMSC: 5.71 ± 0.95; Injury: 4.14 ± 0.90. P < 0.05); LIPUS‐BMSC 
transplantation group and Injury group (LIPUS‐BMSC: 6.14 ± 1.35; 
Injury: 4.14 ± 0.90. P < 0.01). Significant difference between LIPUS‐
BMSC transplantation group and BMSC transplantation group was ob-
served from 28 days after transplantation (LIPUS‐BMSC: 9.14 ± 1.07; 
BMSC: 7.43 ± 0.79. P < 0.05). On the 56th day after transplantation, 
the BBB score in LIPUS‐BMSC transplantation group (14.57 ± 0.78) 
was significantly higher than that in BMSC transplantation group 
(12.29 ± 1.11, P < 0.001). The result of BBB score evaluation (Figure 5J) 
demonstrated that rats with LIPUS‐BMSCs transplantation treatment 
exhibit better locomotor functional recovery compared with rats sim-
ply treated with BMSCs without LIPUS stimulation. When comparing 
with Injury only group, both cell transplantation groups showed higher 
BBB scores, which demonstrate that BMSCs transplantation treatment 
is a satisfactory strategy for SCI, and LIPUS stimulation upon BMSCs 
can further enhance the effect of transplantation treatment.

3.7 | Morphology of the lesion site revealed by 
HE staining

Rats in each group were sacrificed and perfused after 8 weeks 
of SCI. Tissue in the Sham group remained intact without mass 

F I G U R E  3   A‐C, Western blotting results show expression of BDNF (B) and NGF (C) in control group and LIPUS stimulation group. Graphs 
indicate relative band intensities compared with that of β‐actin (A) (n = 3 for each group). The intensity of BDNF (B) and NGF (C) bands in 
the LIPUS group was significantly higher than those in control group. *P < 0.05, compared to β‐actin. D‐E, Expression of BDNF and NGF 
in supernatant by ELISA analysis. (D) BDNF secretion in supernatant of LIPUS group was significantly higher than that in control group 
(P < 0.0001). (E) NGF secretion in supernatant of LIPUS group was significantly higher than that in control group (P < 0.0001)
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infiltration of neutrophils and macrophages (Figure 5A and B). As 
for the Injury group (Figure 5C and D), there was disorganization 
of the lesion site, infiltration of the inflammatory cells, formation of 
cavity and scar formation at the injury site were confirmed. After 
cell transplantation treatment with BMSCs and LIPUS‐BMSCs, 
decreased area of cavity in both groups was observed, especially 
in LIPUS‐BMSCs transplantation group. In addition to this, we ob-
served smaller area of cavity, less apoptotic neurons, well‐arranged 
tissues, and motor neurons. Specifically in the LIPUS‐BMSCs trans-
plantation group (Figure 5G and H) and motor neurons were clearly 
observed, and the number of neutrophils and macrophages was less 
than other groups. Notably, the volume of cavity in LIPUS‐BMSCs 
transplantation group was significantly decreased (around 20% of 
the lesion site) compared to BMSCs transplantation group (P < 0.01) 
and Injury group (P < 0.0001) (Figure 5I). This result indicated that 
LIPUS‐BMSCs transplantation can promote better recovery after 
SCI.

3.8 | Transplantation of LIPUS‐BMSCs promoted 
axon regeneration and reduced reactive gliosis

Previous studies have demonstrated that BMSCs with LIPUS stimu-
lation obtained significantly higher viability, the rate of apoptosis 
remained steady, and high expression levels of BDNF and NGF in 
vitro. We investigated whether the transplanted cells can increase 
the regeneration of axons and inhibit the astroglial activation, after 
transplantation into the epicenter of SCI. First, we examined axonal 
growth by immunostaining analysis for NF200 expression and found 
extensive organized axonal growth in the BMSCs group and LIPUS‐
BMSCs group (Figure 6A). The expression area of NF200‐positive 
nerve fibers in the BMSC group and LIPUS‐BMSCs group was signifi-
cantly higher than that of Injury group (*P < 0.05 when compared with 
BMSCs group, **P < 0.01 when compared with LIPUS‐BMSCs group). 
Quantification of NF‐200 expression showed that the relative expres-
sion of NF‐200 in LIPUS‐BMSCs group had the most nerve fibers in 

F I G U R E  4   A‐C, Determination of BMSCs migration with the transwell assay. Migration of BMSCs was assessed with transwell assays. 
Representative images of migrated cells in control group (A) and LIPUS stimulation group (B) stained with crystal violet are shown (scale 
bar = 400 μm). The number of migrated cells was counted(C). Data are shown as the mean ±SD *P < 0.05, **P < 0.01. D‐F, The expression 
of NSE and GFAP is determined by Western blot (D), GFAP expression was decreased after LIPUS stimulation (P < 0.05) (E), while the 
difference of NSE expression between two groups was not significant (P > 0.05) (F)
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the lesion site; however, the difference was not significant after cal-
culation (Figure 6B). This indicated that LIPUS‐BMSCs transplantation 
may not be more effective compared with BMSCs transplantation with 
regard to promoting nerve fiber growth. However, this could be the 
result of the inhibitory microenvironment in the injury site after SCI. 
GFAP was employed as a marker of astrocyte activation (Figure 6C). 
We examined tissue sections at the epicenter 56 days after SCI, and 
the level of immunofluorescence was quantitated using ImageJ soft-
ware. Overall, there was a 2‐3‐fold increase in GFAP immunoreac-
tivity in Injury group as compared to tissue from sham‐injured mice. 
GFAP immunoreactivity in BMSCs group and LIPUS‐BMSCs group 
was significantly lower than the Injury group (*P < 0.05), and GFAP 
immunoreactivity in LIPUS‐BMSCs group was significantly lower 

than that of BMSCs group (*P < 0.05) (Figure 6D). The result indicates 
that both BMSCs transplantation and LIPUS‐BMSCs transplantation 
can provide help to reduce the reactive gliosis. Furthermore, LIPUS‐
BMSCs transplantation can further alleviate the astroglial activation 
process during the repair after SCI.

3.9 | Neurotrophic factors and receptor expression 
after transplantation treatment

Rats in each group were sacrificed on day 56 after SCI, and tis-
sue biopsies around lesion epicenter (T10 level) were obtained 
for ELISA analysis to examine the expression of BDNF and 
NGF. The results of the ELISA analysis (Figure 6E and F) for the 

F I G U R E  5   A‐H, Representative photomicrographs of Hematoxylin and eosin staining of spinal cord tissues in Sham group (A, B), Injury 
group (C, D), BMSCs transplantation group (E,F), LIPUS‐BMSCs transplantation group (G,H), the black boxes in A, C, E, G (scale bar = 600 μm) 
magnified in B, D, F, H (scale bar = 40 μm). Motor neurons (black arrows) were clearly observed in LIPUS‐BMSCs transplantation group (H); 
neutrophils (black arrow head) and macrophages (red arrow head) infiltration were observed in Injury group and BMSCs group (D & F). I, 
Size of lesion cavity is measured from sagittal images of A, C, E, G, and the relative volume of cavity is compared with each other, cavity 
volume of LIPUS‐BMSCs transplantation group was significantly smaller than BMSCs transplantation group (P < 0.001) and Injury group 
(P < 0.0001). J, The Basso, Beattie, and Bresnahan (BBB) open‐field locomotor test. Data are reported as mean ± SD in each group. BBB 
scores range from 0 (complete paralysis) to 21 (normal gait). The results demonstrated that rats in the LIPUS‐BMSCs transplantation group 
have the best hindlimb functional recovery among all the groups. From the time point of 49 days, the curve in the four groups gradually 
plateaued. BBB locomotor functional score is given as the mean for all four groups and error bars represent the SD. Analysis was performed 
using two‐way ANOVA with Bonferroni posttests, *P < 0.05, **P < 0.01, ***P < 0.001 compared with Injury group. #*P < 0.05, #**P < 0.01, 
#***P < 0.001, compared with BMSCs transplantation group
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LIPUS‐BMSCs transplantation group showed the highest level of 
BDNF expression in the microenvironmental of injury epicenter 
compared with BMSCs transplantation group and Injury group 
(P < 0.001). This is consistent with the Western blot analysis 
investigating neurotrophic factors expression in vitro. When 
comparing the BDNF expression level of BMSCs transplanta-
tion group and Injury group, increased levels of BDNF expres-
sion were observed in BMSCs transplantation group (P < 0.05). 
This demonstrated that the transplanted BMSCs have the abil-
ity to produce more BDNF at the basic of injury level, and the 
stimulation by LIPUS can further strength the ability of BDNF 
secretion (Figure 6E). NGF expression levels after transplanta-
tion treatment were significantly higher in the LIPUS‐BMSC 
group compared with BMSCs transplantation group or Injury 
group. This was also consistent with our previous studies in vitro. 
However, when comparing NGF expression between BMSCs 

transplantation group and Injury group, no significant difference 
was observed (Figure 6F).

The expression of neurotrophic factors receptors including TrkA, 
TrkB, TrkC, and p75 was also examined by Western blot analysis 
(Figure 6G). The expression of TrkA, TrkB, TrkC, and p75 was all up-
regulated in LIPUS‐BMSCs transplantation group when comparing 
with BMSCs transplantation group and Injury group (Figure 6H‐K), 
which provided support for the function of BDNF, NGF, and other 
neurotrophic factors.

4  | DISCUSSION

Effective treatment strategies for SCI with satisfactory improve-
ment in locomotor and neurological function have always been the 
focus of the basic research.24 Stem cell transplantation is a potential 

F I G U R E  6   A‐D, Transplantation of BMSCs and LIPUS‐BMSCs harnesses axon regeneration and reduces reactive gliosis. A, 
Immunofluorescence demonstrated NF‐200 staining in red channel from Sham group, Injury group, BMSCs group, and LIPUS‐BMSCs group 
on day 56 after SCI, respectively. B, Semiquantification of NF‐200 expression area according to immunostaining (A), expression level was 
expressed as percentage compared with Sham group (set as 100%). C, Immunofluorescence demonstrated GFAP staining in green channel 
from Sham group, Injury group, BMSCs group, and LIPUS‐BMSCs group on day 56 after SCI, respectively. D, Semiquantification of GFAP 
expression area according to immunostaining (C), expression level was expressed as percentage compared with Sham group (set as 100%). 
*P < 0.05 compared with Injury group, P < 0.05 compared with LIPUS‐BMSCs group. One‐way ANOVA followed by Tukey's post hoc test. 
ns indicates no significant difference. E‐F, ELISA evaluation of BDNF (E) and NGF (F) expression level in Sham group, Injury group, BMSCs 
transplantation group, and LIPUS‐BMSCs transplantation group. *** shows significant difference with BMSCs transplantation group and 
Injury group in P < 0.001 level; ns shows no significant difference was observed compared with Injury group. G‐K, Western blot analysis of 
neurotrophic factors receptors. Western blotting was performed to examine expression of TrkA, TrkB, TrkC, and p75 proteins. To detect 
the phosphorylated form of the neurotrophic factors, the corresponding blot was stripped and subsequently stained with an antibody to 
phosphorylated protein. The notation to the left of each blot indicates the running position of molecular weight standard proteins on the 
same gel (G). Relative expression of p75 (H), relative expression of TrkA (I), relative expression of TrkB (J), and relative expression of TrkC (K)
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method for certain neurological diseases as well as a viable treat-
ment for acute SCI. Many kinds of cells have been used in transplan-
tation, including BMSCs, embryonic stem cells, neural stem cells, 
autologous olfactory ensheathing cells, human umbilical cord blood 
cells (HUCBCs), and Schwann cells.25-28 Among these types of cells, 
BMSCs are the strongest candidates due to the greater availability 
and weaker immunogenicity.29-31

Appropriate candidate cells for transplantation treatment require 
properties including rapidly expansion in culture, capability of long‐
term survival, increased cell viability, and close integration in the host 
tissue. In our research, LIPUS was employed to stimulate BMSCs (P3) 
to optimized cell culture requirements for transplantation.

LIPUS is a noninvasive and safe form of mechanical energy that 
can be delivered into biological tissues and cells as acoustic pres-
sure waves,32 which has been widely used for clinical applications 
including bone fracture healing, rehabilitation treatment of ten-
don, ligament, and cartilage disorders.33-38 Furthermore, LIPUS 
stimulation has been certified and approved by Food and Drug 
Administration (FDA) in the United States as a safe and effective 
treatment strategy.39-42 It was reported by Xu et al that low‐inten-
sity pulsed ultrasound could enhance the cell viability, proliferation, 
and differentiation of hematopoietic stem/progenitor cells (HSPC) in 
vitro without changing the percentage of surface antigen expression 
including CD34+and CD14+.43 Berna et al demonstrated that LIPUS 
improves the functional properties of cardiac mesoangioblasts in 
various aspects.44 In this research, Cell Counting Kit‐8 (CCK‐8) was 
employed to assess cell proliferation after LIPUS stimulation in var-
ious parameters. We found that under LIPUS stimulation at the in-
tensity of 50 mW/cm2 (stimulated for 3 days, 3 minutes each day), an 
optimal cell proliferation rate was obtained. Furthermore, the apop-
tosis rate following LIPUS stimulation was also examined by TUNEL 
staining. No significant difference was observed in apoptosis rate 
between BMSCs cell cultures with and without LIPUS stimulation. 
Therefore, LIPUS stimulation may be a good strategy for enhancing 
cell viability in vitro, thus improving efficiency and outcome of stem 
cell transplantation.

Following stem cell transplantation, a series of unfavorable fac-
tors may threaten the survival of transplanted cells and prevent axon 
regeneration including infiltration of inflammatory cells, release of 
inflammatory cytokines, and deficiency of neurotrophic factors. 
Together, all these factors contribute to the formation of an inhibi-
tory microenvironment. It has been shown that neurotrophic factors 
regulate the imbalanced microenvironment after SCI.45 A variety of 
important protein molecules was secreted, which play an irreplace-
able role by inhibiting the inflammatory response, promoting cell 
survival, synapses connection, remyelination process, and various 
pathophysiological procedures. Research showed that a variety of 
neurotrophic factors contributes to synergistic effect on the post-
injury microenvironment and promotion of neurological recovery 
including BDNF, NT‐3, NGF, VEGF, and the like. In this research, 
we placed emphasis on the secretion of neurotrophic factors after 
LIPUS stimulation in vitro and the amount of neurotrophic factors 
in the lesion site of spinal cord after cell transplantation.46,47 Among 

them, BDNF is a protein synthesized in the brain, which is widely 
distributed in the central nervous system, BDNF can prevent neu-
ronal damage and death; meanwhile, pathological state of neurons 
can be improved by promoting regeneration and differentiation of 
injured neurons and transplanted stem cells. NGF can regulate the 
growth and development of peripheral and central neurons as well 
as maintaining the survival of transplanted stem cells. NGF is one of 
the earliest and most thoroughly researched neurotrophic factors, 
which has a dual biological function of neuronal nutrition and neur-
ite outgrowth promotion. In our in vitro experiments, we observed 
significant upregulation of BDNF and NGF, in LIPUS‐treated BMSCs 
cell cultures, revealed by Western blotting analysis. This indicates 
that LIPUS can promote the secretion of neurotrophic factors in 
vitro. We also wanted to confirm the cells secrete neurotrophic fac-
tors after transplanted to the injured site of SCI. Rats in each group 
were sacrificed 56 days after cell transplantation, and ELISA analysis 
of LIPUS‐BMSCs transplantation group showed significantly more 
BDNF and NGF secretion compared with BMSCs transplantation 
group, and both groups (LIPUS‐BMSCs transplantation group and 
BMSCs transplantation group) showed more neurotrophic factors 
secretion than the control group (SCI without stem cell transplan-
tation). Both in vivo and in vitro experiments demonstrated that 
BMSCs cell cultures obtained the ability to continuously secrete 
more neurotrophic factors after LIPUS stimulation.

BMSCs transplantation has proven to be an effective treatment 
strategy for SCI.48 This study investigated the application of LIPUS 
stimulation on BMSCs, which increased cell viability, proliferation 
ability, and secretion of neurotrophic factors. These are all crucial 
components which contribute to better recovery of locomotor func-
tion and alleviation of the astroglial activation process during the 
repair after SCI. Furthermore, decreased area of the lesion cavity 
was also observed in LIPUS‐BMSCs transplantation group.

Future directions from this research include investigation into the 
intrinsic regulatory mechanisms and signaling pathways involved in the 
functional improvement of LIPUS‐BMSCs in vitro. Notably, the Notch 
pathway is currently recognized as a signal pathway regulating the 
process of development and cell maturation by promoting cell prolif-
eration and differentiation in neural stem cells and hematopoietic stem 
cells.49-51 Another crucial factor involved in the development of the in-
flammatory microenvironment at the site of injury is the nuclear factor 
kappa‐light‐chain‐enhancer of activated B cells (NF‐κB) signaling path-
way. NF‐κB regulates the expression of inducible nitric oxide synthase 
(iNOS), cyclooxygenase 2 (cox‐2), TNF‐α, IL‐1β, IL‐6, IL‐8, IL‐10, and cell 
adhesion molecule. It has been shown that LIPUS can reduce the acti-
vation of RANKL, which act as a receptor activation ligand of the NF‐
κB receptor, preventing the activation of NF‐κB signaling pathway.52,53 
Therefore, the effect of LIPUS on microenvironment following SCI may 
inhibit the inflammatory response by inhibiting the NF‐κB signaling 
pathway and promote the repair of SCI.54,55 Meanwhile, remyelination 
is a crucial step for functional restoration after SCI, growth factors, and 
neurotrophic factors have been used to boost the endogenous progen-
itor response to facilitate oligodendrocytes survival and remyelination 
process.56 According to our present research, BMSCs are mainly served 
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as a neurotrophic factor‐secreting stem cell, and BMSCs stimulated 
with LIPUS obtained the ability to secrete more neurotrophic factors, 
which may be beneficial for the remyelination process of oligodendro-
cyte progenitor cells and oligodendrocytes.

Additionally, we will also be probing the expression of inflamma-
tory cytokines after LIPUS stimulation, combined with Western blot 
analysis of the downstream signal cascade of NF‐κB signaling. This 
will demonstrate the correlation between LIPUS stimulation and in-
flammatory factor secretion of transplanted stem cells. Finally, the 
side effect and safety profile of LIPUS‐treated BMSC transplanta-
tion should be considered seriously before moving toward clinical 
applications. This includes further investigation into survival, bio-
distribution, proliferation and tumorigenicity, and host responses to 
LIPUS‐BMSCs.

5  | CONCLUSION

In conclusion, LIPUS can improve BMSCs viability and neurotrophic 
factor expression in vitro. Similarly, transplantation of LIPUS‐BMSCs 
could promote better functional recovery than BMSCs transplanta-
tion without stimulation, indicating a translational application for the 
treatment of SCI.
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